Histone deacetylases are critical components of transcriptional silencing mechanisms that regulate embryonic development. Recent work has shown that histone deacetylase 1 (hdac1) is required for neuronal specification during zebrafish CNS development. We show here that specification of oligodendrocytes, the myelinating cells of the CNS, also fails to occur in the hdac1 mutant hindbrain, but persistence of neural progenitors in the hindbrain ventricular zone, which express pax6a and sox2, is independent of hdac1 activity. Commitment of ventral neural progenitors to the oligodendrocyte fate is thought to require co-ordinate, hedgehog-dependent expression of olig2 and nkx2.2a in these cells, leading to expression of sox10 and subsequent differentiation of oligodendrocytes. Remarkably, transcription of olig2 is extinguished in ventral neural progenitors of the hdac1 mutant hindbrain, whereas expression of nkx2.2a is up-regulated in these cells, and sox10 expression is suppressed. Our results identify hdac1 as a novel, essential component of the mechanism that allocates neural progenitors to the oligodendrocyte fate, by attenuating expression of a subset of neural progenitor genes and rendering olig2 expression responsive to Hedgehog signalling. q
Introduction
Neuroepithelial progenitor cells give rise to a remarkably diverse array of differentiated cell types in the vertebrate central nervous system (CNS), including sensory neurones, interneurones, motoneurones, as well as non-neuronal glial cell types such as astrocytes and oligodendrocytes. However, the molecular mechanisms that regulate commitment of neural progenitors to distinct neuronal and glial fates are poorly understood. Within the ventricular zone of the CNS, multipotent neural progenitors are maintained by transcription factors such as SoxB1-class proteins and downstream effectors of activated Notch such as the her/E(spl) bHLH proteins (Bylund et al., 2003; Graham et al., 2003; Davis and Turner, 2001) . When neural progenitor cells migrate from the ventricular zone of the CNS, they down-regulate soxB1 and her/E(spl) genes, thereby allowing activation of genes encoding neural sub-type-specific transcription factors, such as the proneural genes (Bertrand et al., 2002) . In addition to these processes, a gradient of hedgehog signalling activity across the dorso-ventral axis of the neural tube is also critical to the specification of neural progenitor identity (Jessell, 2000) . Different combinations of transcription factors are expressed in distinct neural progenitors in response to different levels of hedgehog signalling, and this transcription factor code specifies distinct neuronal and glial fates (Briscoe and Ericson, 2001 ). In the spinal cord, motoneurones and oligodendrocytes are generated from a small group of ventrally located, bipotential neural progenitors (Jessell, 2000; Richardson et al., 2000; Briscoe and Ericson, 2001; Park et al., 2004) . The definition of this bipotential state is dependent on high levels of hedgehog signalling from ventral midline cells, which induces co-expression of the transcription factors Olig2 and Nkx2.2 in ventral neural progenitors (Rowitch, 2004) . The additional expression of proneural genes in ventral neural progenitors, such as ngn2, inhibits olig2 function and causes these cells to adopt the motoneuron fate (Lee et al., 2005 develop into oligodendrocytes (Zhou et al., 2001; Sun et al., 2001 ). In the zebrafish, production of oligodendrocytes from sox10-expressing ventral neural progenitors is dependent on the activation of olig2 and nkx2.2a by the hedgehog signalling pathway (Park et al., 2002; Park and Appel, 2003; Park et al., 2004) . However, the molecular mechanisms that control the responses of ventral neural progenitors to hedgehog signalling are not well understood. Several recent studies have shown that histone deacetylase 1 (hdac1) activity is required to promote specification of several neuronal sub-types in the developing zebrafish CNS (Cunliffe, 2004; Yamaguchi et al., 2005; Stadler et al., 2005) . In the developing hindbrain, Hdac1 represses the Notch target her6 and its function is essential to maintain expression of proneural genes in differentiating neuronal precursors. Moreover, hdac1 is required to maintain production of motoneurones from ventral neural progenitors in response to hedgehog signalling (Cunliffe, 2004) . In the developing zebrafish retina, hdac1 promotes neurogenesis by suppressing Notch and Wnt signalling pathways, repressing cyclins D1 and E2, eliciting CDK inhibitor expression and triggering cell cycle exit of neural progenitors (Yamaguchi et al., 2005; Stadler et al., 2005) . Intriguingly, inhibition of HDAC activity in the mammalian CNS suppresses terminal differentiation of specified oligodendrocyte precursor cells both in vitro (Marin-Husstege et al., 2002) and in vivo (Shen et al., 2005) . However, it remains unclear as to whether hdac1 is essential for oligodendrocyte precursor specification, for their terminal differentiation, or both. Here, we address this issue by analysing the requirement for hdac1 in oligodendrocyte development in the zebrafish.
Results
Motoneurones and oligodendrocytes are specified from neural progenitors in the ventral CNS, and the ability of these progenitors to realise either fate requires hedgehog signalling from ventral midline cells (Briscoe and Ericson, 2001) . In view of previous observations that the CNS of hdac1 mutant embryos exhibits defective competence to respond appropriately to hedgehog signalling, and is consequently deficient in motoneurons (Cunliffe, 2004) , it seemed plausible that loss of hdac1 function might also affect oligodendrocyte specification. Oligodendrocytes can be first identified in the zebrafish brain at 48 hpf in the ventral-medial territories of hindbrain rhombomeres 5 and 6 by their expression of the oligodendrocyte differentiation marker plp1b (Brösamle and Halpern, 2002) . Subsequently, the number of plp1b-expressing oligodendrocytes progressively increases and they become more widely dispersed throughout the brain. To address the question of whether hdac1 is required for production of oligodendrocytes, the expression of plp1b was compared in hdac1 homozygous mutant and sibling embryos at 4.5 days post-fertilization (dpf). A distinctive population of dispersed, but symmetrically distributed oligodendrocytes could be clearly distinguished in the hindbrain of sibling embryos, whereas no plp1b-positive cells were observed in the CNS of hdac1 homozygous mutants (Fig. 1) . Thus, production of differentiating oligodendrocytes is strictly dependent on hdac1 function. To determine whether hdac1 is required for terminal differentiation of oligodendrocytes or at an earlier stage during the specification of precursor cells, hdac1 homozygous mutants and siblings were analysed for expression of sox10, which marks oligodendrocyte precursors, as well as other cell types in the developing nervous system (Park et al., 2002; Dutton et al., 2002) . Whilst strong expression of sox10 is observed in the otic vesicles and neural crest of both hdac1 homozygous mutants and siblings at 50 hpf, sox10 is also abundantly expressed in the ventral medial hindbrain of wildtype embryos (Fig. 1C,E) . The appearance of this ventral-medial sox10 expression domain precedes that of the oligodendrocyte differentiation marker plp1b, suggesting that these sox10-expressing cells are oligodendrocyte precursors, as is the case in the spinal cord (Park et al., 2002) . However, this ventral medial sox10 expression domain is specifically extinguished in hdac1 homozygous mutants at 50 hpf (Fig. 1D,F) and it remains absent in the mutant hindbrain at 60 hpf (data not shown), which indicates that this is a stable phenotype and not simply a developmental delay. Thus, both specification of sox10-expressing cells and subsequent oligodendrocyte differentiation in the ventral hindbrain require hdac1 function.
Transcription of sox10 by oligodendrocyte precursors in the developing CNS requires the prior expression of the bHLH transcription factor Olig2 in ventral neural progenitors, which is elicited by hedgehog signalling from ventral midline cells (Rowitch et al., 2004; Park et al., 2004) . In the hindbrain of wild-type embryos, initial expression of olig2 is specifically restricted to a ventral domain of rhombomeres 5 and 6 (Fig. 2C,E) . As development proceeds, the olig2 expression domain expands dorsally along the midline in the shape of an inverted V and a population of olig2-positive cells begins to spread laterally within ventral hindbrain territories (Fig. 2G,I ). This dynamic pattern of olig2 expression closely resembles that of sox10 in the hindbrain (Fig. 1C,E) , although there is a delay between olig2 expression and the subsequent expression of sox10 in the ventral hindbrain (data not shown), as is found in the spinal cord (Park et al., 2002) . Analysis of homozygous smoothened mutant embryos, which lack hedgehog pathway activity, revealed that expression of olig2 in rhombomeres 5 and 6 is strictly dependent on hedgehog signalling ( Fig. 2A,B) . Analysis of hdac1 mutants at multiple stages during oligodendrocyte development further revealed that sustained expression of olig2 in the hindbrain is also strictly dependent on hdac1 function (Fig. 2C-J) .
Several studies have previously shown that in addition to the requirement for olig2 function in ventral neural progenitors, oligodendrocyte specification is also critically dependent on expression of the homeodomain transcription factor Nkx2.2 in these cells (Sun et al., 2001; Zhou et al., 2001 ). In the zebrafish, nkx2.2a is strongly expressed in the ventral brain and anterior spinal cord, and like olig2, its transcription is strictly dependent on hedgehog signalling (Varga et al., 2001) , which raised the question of whether its expression in the ventral CNS might also be similarly dependent on hdac1 function. In agreement with the known dependence of nkx2.2a expression on hedgehog signalling, nkx2.2a transcripts are completely absent in the hindbrain of homozygous smoothened mutants (Fig. 3A,B) . But surprisingly, nkx2.2a expression is stably up-regulated in Fig. 2 . Expression of olig2 in the ventral hindbrain is mediated by hedgehog signalling and strictly dependent on hdac1 function. (A-J) Expression of olig2 in hindbrain of (A,C,E,G,I) wild-type sibling, (B) smoothened (smoh) mutant and (D,F,H,J) hdac1 mutant embryos at (A,B) 32 hpf, (C,D,E,F) 28 hpf and (G, H,I,J) 50 hpf. Panels A-D and G,H show transverse sections through the hindbrain of embryos at the level of rhombomere 5, panels E,F,I,J show dorsal views of (E,I) wild-type and (F,J) hdac1 mutant hindbrain, demonstrating that early expression of olig2 in r5/r6 and later expression throughout the ventral medial hindbrain is strictly hdac1-dependent. the CNS of homozygous hdac1 mutant embryos, in comparison to the expression levels observed in wild-type siblings ( Fig. 3C-H) . Interestingly, embryos deficient in both hdac1 and smoothened functions also fail to express nkx2.2a in the ventral CNS (Fig. 4) , indicating that expression of nkx2.2a requires hedgehog signalling irrespective of whether embryos are deficient in hdac1 function or not. Thus, whilst hedgehoginduced expression of olig2 in the hindbrain is strictly dependent on hdac1 function, the inducibility of nkx2.2a in ventral neural progenitors, in response to hedgehog pathway activation, occurs independently of hdac1 function and is, moreover, sensitive to hdac1-mediated repression. Taken together, these results suggest that, in the hindbrain, Hdac1 both facilitates olig2 expression and represses that of nkx2.2a in ventral neural progenitors, en route to the production of sox10-expressing oligodendrocyte precursors.
Several previous studies have demonstrated that repression of nkx2.2 orthologues in the developing vertebrate neural tube is governed by the dorsally-expressed transcription factor Pax6 (Osumi et al., 1997; Ericson et al., 1997; Takahashi and Osumi, 2002) , which raised the possibility that the observed up-regulation of nkx2.2a in the hdac1 mutant hindbrain might be caused by attenuated expression of pax6a. However, expression of pax6a is also strongly up-regulated in the hdac1 mutant hindbrain in comparison to the situation in wild-type sibling embryos (Fig. 5) , indicating that hdac1 is required for repression of both pax6a and nkx2.2a in the developing CNS. The persistent, high level expression of pax6a and nkx2.2a in the hindbrain further emphasises that this mutant phenotype is a stable abnormality rather than one resulting from a simple developmental delay. Together with previous work which revealed that her6 is repressed by Hdac1 (Cunliffe, 2004) , these results indicate that hdac1 represses multiple neural progenitor determinants in the developing CNS, which could readily account for its essential role in promoting commitment of progenitors to neuronal and oligodendrocyte fates. To pursue this line of investigation further, the expression pattern of the zebrafish orthologue of the multipotent neural progenitor maintenance factor, sox2 (Bylund et al., 2003; Graham et al., 2003) , was compared in hdac1 mutant and wild-type sibling embryos. In wild-type embryos, sox2 expression is restricted to the ventricular zone (Fig. 6A,C,E) , and this expression pattern is suggestive of a role for this gene in maintaining multipotent neural progenitors in zebrafish, as previously shown for its chick orthologue (Bylund et al., 2003; Graham et al., 2003) . As development proceeds, the sox2-expression domain becomes a progressively smaller proportion of the wild-type CNS, and a population of sox2-negative cells gradually increases in size (Fig. 6A,C,E) . In the hdac1 mutant hindbrain at 28 hpf, sox2 expression encompasses a domain that includes, and extends beyond, the ventricular zone (Fig. 6B) . Subsequently, the strongly sox2-expressing ventricular zone of the hdac1 mutant CNS becomes thicker than that of unaffected sibling embryos and expansion of the sox2-negative subventricular zone is dramatically reduced (Fig. 6C-F) . Together with the observed up-regulation of her6, nkx2.2a and pax6 expression in the hdac1 mutant hindbrain, these observations further suggest that loss of hdac1 function compromises the process driving commitment of neural progenitors to neuronal and and (E,F) 51 hpf. Panels A-F show transverse sections through the hindbrain of embryos at the level of rhombomere 5; panels G,H show dorsal views of (G) wild-type and (H) hdac1 mutant hindbrain, demonstrating that expression of pax6a is up-regulated throughout the length of the hindbrain as a consequence of the hdac1 mutation. Particularly strong ectopic expression of pax6a can be seen in dorso-medial and ventro-lateral (arrows in B) territories of rhombomere 5 in the hdac1 mutant hindbrain. Fig. 4 . The up-regulation of nkx2.2a expression in the ventral hindbrain that is caused by loss of hdac1 function is strictly smoothened-dependent. Expression of nkx2.2a at 25 hpf in hindbrain of (A) wild-type sibling embryo microinjected with an hdac1 control-MO, (B) homozygous smoothened mutant embryo microinjected with hdac1 control-MO, (C) wild-type sibling embryo microinjected with an hdac1-specific MO and (D) homozygous smoothened mutant embryo microinjected with an hdac1-specific MO. Panels show transverse sections through the hindbrain of 25 hpf embryos at the level of rhombomere 5.
oligodendrocyte fates. Consistent with these findings, previous studies have also shown that cell proliferation is maintained in the ventricular zone of the hdac1 mutant hindbrain (Cunliffe, 2004) , where sox2 (Fig. 6) and pax6a (Fig. 5) are abundantly expressed. Moreover, the severe attenuation of proneural gene expression that is observed in the hdac1 mutant CNS (Cunliffe, 2004) parallels the extinction of olig2 expression in the ventral hindbrain of hdac1 mutant embryos that is described here. Our results therefore imply that a population of proliferationcompetent neural progenitors aberrantly persists in the hdac1 mutant hindbrain and that these cells are impaired in their ability to down-regulate neural progenitor determinants such as sox2, pax6a and her6 (Cunliffe, 2004) and/or exit the cell cycle, which could prevent expression of proneural genes and olig2 and consequently suppress commitment to neuronal and oligodendrocyte fates. Moreover, whilst the hdac1 mutant hindbrain continues to grow, it is smaller in transverse crosssection than the hindbrain of wild-type siblings, suggesting that loss of hdac1 function might compromise the viability of cells that are unable to differentiate. To address this possibility, apoptotic cells in hdac1 mutant and sibling embryos were visualised using the TUNEL technique (Fig. 7) . A highly dynamic pattern of apoptosis was observed in the hdac1 mutant hindbrain neural progenitor population, whereas by contrast, very few TUNEL-positive cells were detected in the hindbrain of wild-type embryos at the stages analysed. At 25 hpf, limited apopotosis was detected in the hdac1 mutant hindbrain within rhombomere 1, but by 28 hpf the pattern of apoptotic cells encompassed rhombomeres 1, 2, 3 and 6. By 36 hpf, apoptotic cells were detectable in the ventricular zone of rhombomeres 1, 2, 3, 5 and 6 of the hdac1 mutant hindbrain, and by 51 hpf apoptotic cells could be observed in the ventricular zone throughout the hdac1 mutant hindbrain. These results indicate that apoptosis is the eventual fate of some of the neural progenitors which reside in the mitotically active ventricular zone of the hdac1 mutant hindbrain (Cunliffe, 2004) , but are unable to down-regulate neural progenitor-specific genes and differentiate into neurons and oligodendrocytes.
Discussion
Although the roles of transcription factors in oligodendrocyte specification such as Olig2, Nkx2.2 and Sox10 are beginning to be understood, relatively little is known about how these transcription factors function in oligodendrocyte precursors and how their activities are controlled. A variety of studies have implicated intercellular signalling molecules such as Notch and Sonic hedgehog as regulators of oligodendrocyte specification and differentiation, but the mechanisms responsible for transduction and integration of these signals in oligodendrocyte precursors are incompletely understood. Recent studies have shown that hdac1 is required during zebrafish development to promote neuronal specification (Cunliffe, 2004; Stadler et al., 2005; Yamaguchi et al., 2005) , and the results described here reveal that specification of the oligodendrocyte fate, like that of neuronal fates, is also an hdac1-dependent process. In the hdac1 mutant hindbrain, there is a complete absence of olig2-expressing and sox10-expressing cells at 50 hpf, and of plp1b-expressing showing that sox2 expression is restricted to the ventricular zone in wild-type embryos at (A) 28 hpf, (C) 39 hpf, (E) 50 hpf. In hdac1 mutants, expression of sox2 encompasses both the ventricular zone and ventro-lateral (arrows) hindbrain territories at 28 hpf (B). At 39 hpf (D) the sox2 expression domain is thickened in the hdac1 mutant hindbrain and the size of the sox2-negative ventro-lateral domain is much reduced. At 50 hpf, sox2 expression remains strong in the dorsal ventricular zone of the hdac1 mutant hindbrain (F), and there is a persistent major deficit of sox2-negative cells ventrally. oligodendrocytes at 4.5 dpf. Nonetheless, pax6a-positive and sox2-positive cells aberrantly persist in the hdac1 mutant CNS, and there is a sustained deficit of sox2-negative cells beneath the ventricular zone, which implies that hdac1 mutant neural progenitors are defective in their ability to differentiate in response to fate-inducing signals. Previous studies have shown that hdac1 activity is not required for expression of sonic hedgehog in ventral midline cells, and neural progenitors can transduce hedgehog signals in the absence of hdac1 function (Cunliffe, 2004) . Moreover, the results described here reveal that the inducibility of nkx2.2a by hedgehog signalling is actually increased in the hdac1 mutant CNS, whereas that of olig2 is completely extinguished by this mutation. Thus, hdac1 is required to facilitate hedgehog-mediated expression of olig2 in the ventral hindbrain, whereas by contrast, hedgehogmediated expression of nkx2.2a in the hindbrain occurs independently of hdac1 function and is in fact repressed by Hdac1 activity. We also find that expression of pax6a, the chick orthologue of which indirectly represses nkx2.2a (Muhr et al., 2001) , is persistently up-regulated in the hindbrain of hdac1 mutant embryos. Pax6 and Nkx2.2 exhibit mutually repressive activities in the chick embryonic CNS that require the functions of Groucho orthologues, which in turn are known to recruit histone deacetylases to target genes (Muhr et al., 2001 ). It will now be of particular interest to determine whether the up-regulation of nkx2.2a and pax6a that is observed in the hdac1 mutant zebrafish hindbrain is due, at least in part, to defects of Groucho-dependent cross-repression that could result directly from a loss of Hdac1 activity. Moreover, we will address the issue of how Hdac1 renders olig2 responsive to hedgehog signalling in the ventral hindbrain.
Recent studies have shown that Hdac1 promotes cell cycle exit in the developing retina and that proliferating neural progenitors accumulate aberrantly in the developing eye (Yamaguchi et al., 2005; Stadler et al., 2005) . Although a transient deficit of mitotic neural progenitors is initially observed in the ventricular zone of the hdac1 mutant hindbrain at 25 hpf, the number of mitotically active progenitors is subsequently relatively normal (Cunliffe, 2004) . However, the results described here imply that nkx2.2a-positive, pax6a-positive and sox2-positive neural progenitors aberrantly persist in the hdac1 mutant hindbrain. But we also observed a progressive increase in the number of apoptotic cells in the ventricular zone and elsewhere in the hdac1 mutant hindbrain, which could limit the number of proliferating neural progenitors present at any given time. Taken together, these results suggest that hdac1 most likely promotes neuronal and oligodendrocyte differentiation by repressing expression of neural progenitor determinants such as sox2, pax6a, her6 and nkx2.2a, thus enabling expression of proneural genes, olig2 and sox10, and/or cell cycle exit, prior to differentiation. Future work will investigate these possibilities in depth.
Cultured oligodendrocyte precursors can be converted into multipotent neural stem cells in vitro by a process involving enhancement of histone acetylation at the sox2 locus and recruitment of chromatin remodelling factors (Kondo and Raff, 2004) . Thus, during normal development, increased histone deacetylation and transcriptional repression at the sox2 locus could accompany commitment of multipotent progenitors to the oligodendrocyte fate. The results presented here are fully consistent with this hypothesis, since in the hdac1 mutant CNS, sox2-expressing progenitors accumulate, the production of their sox2-negative descendants is inhibited, and differentiation of oligodendrocytes is completely suppressed. It will now be of particular interest to determine whether transcription of sox2 is directly repressed in olig2-expressing ventral neural progenitors by an hdac1-dependent mechanism.
Several recent reports have demonstrated that enzymes, which regulate histone acetylation also control the ability of specified oligodendrocyte precursors to differentiate into myelinating oligodendrocytes (Marin-Husstege et al., 2002; Liu et al., 2003; Shen et al., 2005) . Of particular interest are the observations that class I HDACs are abundantly expressed in the oligodendrocyte lineage, and that inhibitors of HDAC activity prevent normal myelination after in vivo administration to neonatal rats (Shen et al., 2005) . When taken together with the results presented in this paper, these findings suggest that one or more HDAC enzymes may play multiple, distinct roles in both specification and differentiation of oligodendrocytes. Future studies will investigate these possibilities in detail, and further clarify the functions of Hdac1 and other histone deacetylases in development of the oligodendrocyte lineage.
Experimental procedures

Zebrafish stocks hdac1
hi1618 (Golling et al., 2002) and smoh hi1640 (Chen et al., 2001) zebrafish stocks were maintained at the University of Sheffield, and homozygous mutant embryos were produced by intercrossing heterozygotes. Embryos were raised at 28.58 C and staged according to hours post-fertilization (hpf) and days post-fertilization (dpf).
Microinjection of morpholino antisense oligonucleotides
The hdac1-MO and Control-MO morpholinos were used exactly as described in Cunliffe (2004) , and microinjected into smoh hi1640 mutant and wild-type sibling embryos. Embryos were fixed at 25 hpf and analysed by whole-mount in situ hybridisation.
RNA in situ hybridisation
Digoxigenin-labelled probes were prepared as recommended by the manufacturer (Roche). Previously described probes included plp1b (Brosamle and Halpern, 2002), sox10 (Dutton et al., 2002) , nkx2.2a (Barth and Wilson, 1995) and pax6a (MacDonald, 1994) . Probes for olig2, and sox2 were synthesised from cDNA clones provided by the IMAGE consortium (olig2: BC065598; sox2: BC065656). Whole-mount in situ hybridisation was performed using standard procedures (Oxtoby and Jowett, 1993) . Further details of the probes used are available on request.
TUNEL assay
Apoptotic cell death was detected with the Apoptag TUNEL Labelling Kit (Serologicals Corp.), as described by Kozlowski et al. (2004) .
